Abstract-Electron cyclotron resonance heating (ECRH) is important in tandetn mirror devices which incorporate thermal barriers to enhance plasma confinement. ECRH in the end cells generates hot mirrorconfined electrons to form the thermal barrier and creates the plugging potential to reduce ion end loss from the central cell. Important considerations for heating include a) the proper choice of wave polarization and harmonic number for wave penetration and efficient absorption, b) the possibility for control of hot electron energy and anisotropy by spatially limited heating, and c) the particle feed for hot electrons due to RF trapping processes. Fokker-Planck and Monte Carlo computer codes are useful for understanding these effects.
I. INTRODUCTION ICROWAVE HEATING of electrons in minror geometry has been carried out in many devices for a number of years. In Table I Early experiments in single-mirror cells used electron cyclotron resonance heating (ECRH) to create and heat electron plasmas to serve as a target for trapping energetic neutrals. These experiments generated low-density (n < 1 X 1012 cm-3) but very energetic plasmas (hundreds of kiloelectronvolts) [1 ] .
In these experiments, a number of effects were investigated which are important for hot-electron production. The importance of stochastic heating for hot-electron production was recognized, and Monte Carlo and Fokker-Planck heating models, which are described in this paper, are based on the stochastic assumption [2] . Other effects studied include the role of harmonic resonances for heating, investigations of microstability of the mirror-trapped electrons [3] , and superadiabaticity as a limit on heating rates [4] . Also observed in these experiments were high-beta hot-electron annuli (rings) which were MHD-stable, even in simple mirror traps with regions of unfavorable curvature [5] . These rings are a key component of toroidally linked mirror cells (bumpy tori) in which the high-beta rings create an MHD-stable configuration for a lower energy toroidal plasma [6] .
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The author is with the Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550. More recent studies of electron heating in single cells have been carried out in the Constance and SM-1 devices. Results from Constance have been compared with a Fokker-Planck model for heating [7] . In SM-1, detailed measurements of the hot-electron geometry have been carried out, and an improved efficiency for heating using multiple frequencies at closely spaced frequencies has been demonstrated [8] .
More recently, the need for RF electron heating in mirrors arose with the development of the tandem mirror confinement scheme, which incorporates thermal barriers and potential plugs for confining ions [9] .
The plan of this paper is as follows: Section II describes the thermal-barrier concept and the use of ECRH to generate the several electron populations required to establish confinement. In Section III, important physics issues related to the microwave heating are discussed. Fokker-Planck calculations which model the heating processes are presented in Section IV, followed by recent experimental data on hot-electron heating in Section V. A summary is presented in Section VI.
II. ELECTRON HEATING FOR THERMAL AND POTENTIAL BARRIERS
The principle of the tandem mirror with thermal barriers is illustrated in Fig. 1 where subscripts p(c) for density and temperature refer to the plug (central cell) [11] . The quantity n* is the passing density of central-cell electrons at the potential minimum in the barrier and equals the difference between the total density and the hot-electron density.
The reduced requirements on plug density to establish the confining potential significantly reduces the magnet and neutral-beam technology constraints and power requirements for the end plug of a tandem-mirror reactor compared to a standard tandem. As shown in Table I , several experiments with thermal barriers are operational, or under construction. At Livermore, experiments on TMX-U have begun to test the thermal-barrier concept [12] . Fig. 2 shows the locations for ECRH in the experiment and a view of the microwave antennas in one end plug. For the thermal barrier, 2 cce heating is employed; fundamental heating at co = wee is used in the potential peak. A 200-kW 28-GHz pulsed gyrotron powers a set of antennas at each heating location.
Experiments recently constructed at other laboratories which will soon be operational are the TARA [131 and GAMMA-10 [14] devices. Both experiments will investigate thermal barrier and potential plug formation in axisymmetric mirror cells, as contrasted to the min-B mirror cell in TMX-U. A much larger scale experiment under construction at Livermore is MFTF-B, shown in Fig. 3 [15] . This experiment will employ electron heating at three frequencies: 28-and 35-GHz fundamental heating for plug electrons and 56 GHz at 2 Wce and higher harmonics in the thermal barrier. Table II lists important functions and requirements for ECRH in thermal barrier tandem mirrors. Calculational methods which model various aspects of heating are noted.
III. REQUIREMENTS FOR ELECTRON HEATING

A. Microwave Absorption
A fundamental requirement for heating is efficient absorption of the microwave power. This requirement determines the mode selected for launch of the wave, extraordinary (x) or ordinary (o), the position of launch for accessibility (highor low-field side), and the harmonic number. In Table III , we list the parameters for heating in the plug and thermal barriers for TMX-U and MFTF-B.
For calculating absorption, ray-tracing codes are necessary [16] . Results from such calculations for the potential plug of TMX-U are shown in Fig. 5 . Fig. 4 shows the magnetic field geometry of the minimum-B end plug. The plasma cross section has the shape of a twisted bow tie, circular at the field minimum (z -5.7 m) with a 15-cm Gaussian radius and becoming elliptical at higher fields. In Fig. 5(a) Estimates for absorption in the thermal barrier of TMX-U are plotted in Fig. 6 . These curves, calculated for a Maxwellian plasma with kll = 0 [17] , show relativistic broadening and a shift to higher magnetic field of the absorption peak as temperature increases. The theory used for Fig. 6 includes only the resonance term w = 2 ,e, although higher order resonances also influence the absorption [18] . Doppler broadening (kll = 0) of the resonance can also be important for the experiment. Inclusion of these effects does not alter the conclusion that strong single-pass absorption is to be expected. For a 15-cm radius, the plasma is less than 10 mitting to the axis for a > 0.2 cmr 1. As descr expect that energy limiting will be an import, in affecting absorption and penetration of mi to the axis-in the thermal barrier.
B. Control ofHot-Electron Energy and Anisotrf
It is necessary to control the mean energy of t population in the thermal barrier. The magni quired dip in the ambipolar potential, which for barrier, is determined from power balance of th population. The required hot-electron density termined by the magnitude of this potential d quasi-neutrality condition. Magnetohydrody stability sets a limit on the hot-electron press density, this constraint can be satisfied only 1 mean energy of the hot-electron population. temperature is about 50 keV in TMX-U. We believe that the mean energy of the hot-electron popupercent trans-lation can be limited by localized heating with strong singleibed below, we pass absorption [20] . The experiments considered in [1] , ant mechanism [5] , and [6] all employed cavity heating; i.e., there was a crowave power significant amplitude in the heating field at all spatial locations within the plasma. In TMX-U, the microwave beam is well collimated. By spatially limiting the microwave fields, oPY as shown in Fig. 8 , the hot electrons are "detuned" from the he hot-electron cyclotron resonance as their energy becomes mildly relativis-,tude of the re-tic. As the relativistic mass increase shifts the resonance to ms the thermal higher magnetic fields where the RF field is weaker, the heating e plug-electron rate will be considerably reduced. A consequence of energy is, in turn, de-limiting is reduced microwave absorption. Flattening of the lip through the electron-velocity distribution should occur due to limiting, ,namic (MHD) which, in turn, leads to reduced RF diffusion and less absorp-;ure. At fixed tion from the wave. The absorption should adjust so that by limiting the power input from the wave is balanced by hot-electron loss This limiting processes. This effect should aid penetration for a strongly absorbing wave. Control of hot-electron anisotropy, an important drive for instability [211 should also be possible by varying the mirror ratio for off-midplane heating. In the experiment, the mirror ratio for heating in the thermal barrier can be varied by means of movable microwave horns whose aiming along the magnetic axis can be adjusted. Resonance is maintained by simultaneous adjustment of the magnetic field. Spatially limited heating is described in [20] . The existence of an energy gap AE separating 2 Qe heating from higher harmonics is most easily explained for the conditionNI, = kl c/co=O. Fig. 9(a) [20] .) For pitch angles less than 300 (loss cone), the electrons are not confined. of the energy gap AE, is shown in Fig. 9(b) . Large N11 for 1 = 1 creates a "resonance bridge" to higher harmonics. The narrow width in pitch angle of the bridge, however, should reduce diffusion to higher energy.
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C. Particle Feed of Trapped-Electron Populations
In addition to providing energy input, ECRH also provides the particle source which sustains the trapped-electron populations. A flow diagram illustrating this process is sketched in Fig. 10 . Current feed to the hot electrons is a several-step process. Starting with the central-cell population, electrons with enough energy to penetrate the thermal barriers pass through the potential-trapped plug electrons. Both collisions and RF "velocity kicks" from fundamental heating trap a fraction of these electrons, providing currents JcO]U(c -p) and Jrf(c p) which then fuel the potential trapped electrons. Cold electrons from ionization of injected neutrals and cold gas can also be an important source of current for the plug.
The plug potential peak is located in a region of increasing magnetic field (see Fig. 17 ). As described in the introduction, plug electrons gain perpendicular energy by RF [20] .
The midplane (field-minimum) velocity space is depicted in Fig. 12 given by the formula in Fig. 13 , is sensitively dependent upon the magnitude of the RF electric field e1. An example calculation for plasma-source parameters n = 5 X 1011 cm-3, T, =400 eV, and RF electric field c = 100
V/cm is shown in Fig. 14(a) . We show the axial profiles of density, mean-electron energy, and parallel and perpendicular plasma pressure. The current and power fluxes across the loss-cone boundary due to collisions (dotted curves) and RF diffusion (solid curves) are shown in Fig. 14(b) . For this example, the dominant current flow is at low energy. A cold electron initially trapped by ECRH near the loss cone has a small probability of reaching high energy compared to the probability of loss during heating. Consequently, the overall particle balance is determined at low energy E-Ts. On the other hand, the major component of power flow occurs at higher energy. For parameters such that nhln >> 1 (strong trapping), the required RF power can be estimated from the collisional and diffusion losses of the hot electrons.
Contour plots of the steady-state distribution function f(vo, 00) at the midplane are shown in Fig. 15(a) . At moderate energies, f is distorted along the resonant heating lines. At higher energy where the RF diffusion is reduced because of the relativistic detuning, the contours are weak functions of 00, since coulomb collisions are the dominant processes.
The same distribution function, integrated over the pitch angle 00, is plotted as a function of energy in Fig. 15(b) . The distribution is clearly non-Maxwellian. The stream component is visible at low energy. A break in the curve at an energy near Elo = 63 keV shows the effect of the relativistic detuning.
From the Fokker-Planck equation, we define a quantity X, relating RF electric field, RF frequency, and plasma-source density ns. The solutions for the calculation scale with this parameter. The variation with X of density, mean energy, the fraction of hot electrons required, and RF power is shown in Fig. 16 . The hot-electron fraction is defined as the number of electrons with energy exceeding 2 keV, the approximate depth of the thermal barrier expected in the TMX-U experiment. Electrons with lower energy would be expelled by the potential. The plasma energy and density are seen to be increasing functions of X and plasma-source temperature, as expected, since RF diffusion becomes relatively stronger compared to collisional losses. The saturation in mean-electron energy shown in Fig. 16(b) results from the relativistic detuning of the RF diffusion. The dashed curves are a plot of the strong trapping condition given in Fig. 13 .
B. Thermal Barrier and Potential Plug Equilibrium
Matsuda and Rognlien have used the Fokker-Planck equation to calculate equilibria which include the effects of a potential profile [23] . The code, although more general than the calculation described in Section IV-A, assumes a fixed (in time) potential and does not calculate a self-consistent timedependent solution. Results of calculations simulating the steady-state of TMX-U are shown in Fig. 18 for the assumed magnetic field and potential profiles plotted in Fig. 17 .
By varying the RF electric field for fundamental heating, while holding constant the thermal-barrier second-harmonic electric field, they find solutions for the axial density profile shown in Fig. 18 [23] . An important consequence of the strong RF diffusion is that, as the RF field is further increased for filxed-plug density (determined by energetic, neutral-beam-injected ions), the plug potential will rise to greater values than that assumed in Fig. 17 . This strong RF result leads to a more favorable scaling of plug potential with density than described by (1) [24] . An approximate formula for the confinement potential appropriate for TMX-U parameters is Fig. 19 . Recent experiments on hot-electron start-up have been carried out [25] . These experiments were in preparation for start-up of the full thermal-barrier equilibrium which combines ECRH, sloshing and pumping neutral beams, and central-cell ICRH. The startup experiments were performed at low density as motivated by the Fokker-Planck results shown in Fig. 16 . During startup, Te is initially low (Te < 50 eV) and efficient trapping and heating occurs only for large X. Large X is obtained for a low source plasma density ns, generated in the TMX-U central cell with low gas feed.
We show in Fig. 20 Fig. 21 . In addition to diamagnetism, midplane interferometric measurements of line density and X-ray Bremmstrahlung and axial measurements of plasma emission were made (by [26] Measurements of hot-electron length are shown in Fig. 22 . The normalized diamagnetic pressure is compared with a steady-state Fokker-Planck result. We believe the shorter length measured experimentally may be due to nonequilibrium of the distribution, as well as the possible difference in relative RF electric fields (100 V/cm assumed) and mirror ratios for heating in the experiment compared to the calculation.
We attempt a comparison between experiment and theory in Fig. 23 for a 30-ms The hot-electron beta scaling with density and power predicted by Fig. 23 [27] . ECRH at the fundamental resonance has also been shown to be essential for plugging to occur, consistent with the model. Experiments are continuing to build up the plasma density to the desired steady state.
